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Abstract. The stability of two-component clusters consisting of light (Na or K) and heavy (Rb or Cs) alkali
atoms formed on helium nanodroplets is studied by femtosecond laser ionization in combination with mass
spectrometry. Characteristic stability patterns reflecting electron shell-closures are observed in dependence
of the total number of atoms contained in the mixed clusters. Faster decay of the stability of mixed clusters
compared to the pure light ones as a function of size indicates a destabilizing effect of heavy alkali atoms
on light alkali clusters, presumably due to second order spin-orbit interaction.
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1 Introduction
Metal clusters have proven to be particularly well suited
test objects for studying the transition from molecular
quantum dynamics to solid state physics [1,2,3,4]. Clus-
ters formed of monovalent alkali metals have been studied
in great detail both experimentally as well as theoreti-
cally [1,2,3,5,6,7]. In these simple metal clusters the elec-
tronic structure is dominated by the number of valence
electrons whereas the ionic cores are of secondary impor-
tance. The electrons are delocalized, and the electronic
system exhibits a shell structure that is closely related to
the well-known nuclear shell structure. The simple model
of the free-electron gas inside a spherical potential well
of the dimension of the cluster (Jellium model) applies
particularly well to alkali clusters [2,3,6,7].
Important information on the electronic structure of
metal clusters has been gained from simple cluster abun-
dance spectra, reflecting the stability with respect to frag-
mentation: Clusters in which the number of valence elec-
trons matches the spherical shell-closing numbers are pro-
duced more abundantly. In addition, odd-even alterna-
tions reflect the enhanced stability of paired electron con-
figurations [8,2]. These shell effects have also been ob-
served with metal clusters formed in helium nanodroplets [9].
Besides the strongly bound clusters (covalent or metal-
lic) which are usually observed in experiments, alkalis can
form van der Waals-type molecules and clusters in which
all electrons are spin-oriented and strongly localized [5,
10]. Although bonding in these high-spin clusters was pre-
dicted to be quite strong for lithium clusters (‘ferromag-
netic bonding’), sodium clusters were theoretically found
to be much more loosely bound than their metallic coun-
terparts [5], and the same behavior may be expected for
the heavier alkali species.
While most atomic species reside inside the helium
droplets due to the attractive interaction with the he-
lium surroundings, alkali atoms and molecules are weakly
bound to the droplet surface in bubble states. This weak
binding energy of the order of 10K leads to the fact that
out of all clusters formed on the droplet surface prefer-
entially the weakly bound ones remain attached to the
droplets [11]. This leads to an enrichment of weakly bound
high-spin diatomic and triatomic molecules of up to a fac-
tor 104 [12,13].
The formation of high-spin alkali clusters using the
helium nanodroplet technique has been reported by our
group [10]. In this previous experiment we observed char-
acteristic differences in the abundance spectra of light and
heavy alkali clusters. While alkali clusters of sizes up to 25
atoms were seen in the case of sodium (Na) and potassium
(K), cluster sizes exceeding 5 and 3 atoms are strongly
suppressed in the case of rubidium (Rb) and cesium (Cs),
respectively. This behavior has been interpreted in terms
of the reduced stability of high-spin states of Rb and Cs
clusters with respect to depolarization, leaving behind hot,
unpolarized clusters that may fragment and escape out
of the detection volume. Depolarization may be induced
by the strong second-order spin-orbit interaction present
in the heavy alkali atoms, causing spontaneous spin flip-
ping into the unpolarized state. Alternatively, the local-
ized, spin-oriented electrons may evolve into a delocalized
collective state as the cluster size grows larger, which even-
tually gives rise to spin flipping [10].
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Based on these findings the question arises how stable
mixed clusters of light and heavy alkali atoms in high-
spin states are. In other words, how does the binding of
one or several heavy alkali atoms (Rb or Cs) to a clus-
ter consisting of light alkalis (Na or K) affect the stability
of the compound cluster? In order to shed some light on
this issue we report on a series of measurements of abun-
dance spectra of mixed alkali clusters formed in high-spin
states on the surface of helium nanodroplets using fem-
tosecond (fs) photo ionization (PI) in combination with
mass-selective ion detection.
2 Experimental
Besides numerous techniques for producing beams of metal
clusters [1], the aggregation of metal atoms inside helium
nanodroplets has been established as an alternative route
to forming metal clusters of well defined composition [4].
Using this technique, the metal clusters are formed in the
ultracold environment of the helium droplets at temper-
atures in the millikelvin range. Moreover, helium nan-
odroplets can be efficiently loaded with a variety of dif-
ferent atomic or molecular species.
In the experiment reported here, a beam of helium
nanodroplets is consecutively doped with two different
species of alkali atoms in two separate pickup cells to
form two-component clusters on the droplets. The growth
statistics for alkali clusters is found to deviate from the
Poissonian distribution [14]. Further downstream the mixed
clusters are photo ionized by fs laser pulses from a mode-
locked Ti:Sa laser. Nonresonant fs PI at high pulse repeti-
tion rate (80MHz) is an efficient method of ionizing alkali
clusters largely size-independently. The experimental de-
tails are given elsewhere [15,16,17].
PI takes place inside the detection volume of a com-
mercial quadrupole mass spectrometer, in which the laser
beam intersects the doped helium droplet beam perpen-
dicularly. The output of the fs laser is tightly focused into
the helium droplet beam. The laser wavelength is tuned
to about 760nm, which corresponds to the shortest pos-
sible wave length. These laser parameters are chosen on
account of the fact that PI signals recorded at the al-
kali cluster masses generally increase with shorter wave
length and with tighter focusing of the laser beam, thereby
mostly suppressing mass-specific resonances of the ioniza-
tion cross sections.
3 Results and discussion
When multiply doping helium nanodroplets simultane-
ously with Cs and either Na or K atoms, both single-
component as well as two-component clusters appear in
the mass spectrum, as shown in Fig. 1 and Fig. 2. As ab-
scissa we choose the total number N of atoms contained
in each cluster to reveal similarities in the abundance pat-
terns of pure and mixed clusters.
The mass spectrum of mixed KN−MCsM clusters for
M = 0−3 shown in Fig. 1 is recorded when doping helium
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Fig. 1. Photo ionization mass spectra of two-component
potassium-cesium clusters KN−MCsM for M = 0 to M = 3
formed on helium nanodroplets. The pure cesium clusters are
represented by hatched bars.
droplets with an average of 11 Cs atoms in a first pickup
cell at a temperature of 105 ◦C and then with 13 K atoms
in a second pickup cell at a temperature of 160 ◦C. The
error bars reflect uncertainties resulting from background
count rates caused by the following effects [15]: Even when
helium droplets are doped with only one species, non-
negligible signal intensity is measured at cluster masses
matching the ones of mixed clusters. This is due to the
fact that natural potassium has two stable isotopes 39K
and 41K with abundances 93.3% and 6.7%, respectively.
Thus, KN clusters are composed of all possible combina-
tions of K isotopes 39KM
41KN , the abundances of which
being given by the binomial distribution. Besides, contam-
ination of the droplets mainly with water on the level of
1% leads to the appearance of alkali clusters with water
molecules attached to them, KNH2O, or even to reaction
products of the type KN(KOH). However, no influence on
cluster growth has ever been observed.
The mixed clusters, KN−1Cs1, and KN−2Cs2 plotted
in Fig. 1 as green and red bars, respectively, display a
strikingly similar abundance pattern compared to the one
of pure KN clusters. The excess energy due to the nonres-
onant nature of the ionization process leads to desorption
and fragmentation of the ionized clusters. Thus, the abun-
dance spectra reflect the stability pattern with respect to
fragmentation rather than the abundance upon formation
on the helium droplets. Prominent steps at masses 3, 5
and 9 clearly reflect the electronic shell closures of the
ionized clusters. Besides, the mass spectra display a pro-
nounced odd-even alternation with odd-numbered clus-
ters being more abundant. Thus, the stability of two-
component KN−MCsM clusters with respect to the elec-
tronic structure appears to be determined by the total
number of constituents and not by the number of atoms
of one species. Since under the given experimental con-
ditions fragmentation of strongly bound metallic clusters
would not be expected, we conclude that mixed as well as
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Fig. 2. Mass spectra of two-component sodium-cesium clus-
ters NaN−MCsM for M = 0 to M = 2 formed on helium
nanodroplets.
pure alkali clusters formed on helium nanodroplets are in
high-spin states [10].
Interestingly, mixed clusters containing one or two Cs
atoms tend to fall off slightly faster with increasing num-
ber of K atoms than pure KN clusters. This trend is even
more pronounced as the number of Cs atoms grows larger.
This points at the fact that mixed K-Cs clusters tend to
be destabilized by the presence of Cs atoms, in particular
when more than one Cs atom is involved. Mixed clus-
ters containing one Cs atom, KN−1Cs1, are detected up
to N = 13, those containing two Cs atoms, KN−2Cs2, are
observed up to N = 9, and KN−3Cs3 clusters are detected
with high uncertainty up to N = 5.
The peak intensities of pure CsN clusters are signif-
icantly lower than the ones of pure KN clusters. Since
no substantial difference in the doping efficiencies is ex-
pected, this discrepancy is attributed to a more efficient
PI process in the case of KN clusters. In contrast, two-
component clusters, KN−MCsM , are expected to have PI
cross sections comparable to those of pure KN clusters.
The fact that mixed clusters KN−1Cs1 and KN−2Cs2 are
significantly less abundant than pure KN clusters there-
fore implies that these mixed clusters actually are less sta-
ble.
Besides the mentioned stability pattern as a function
of the number of K atoms, the more pronounced limita-
tion to maximum cluster size appears to be imposed by
the number of Cs atoms attached to a mixed clusters of a
given size. E. g., mixed clusters containing three Cs atoms,
KN−3Cs3, are less abundant by about one order of magni-
tude compared to mixed clusters with one Cs, KN−1Cs1,
which roughly matches the reduced abundance of the pure
Cs3 cluster as compared to the Cs monomer (hatched bars
in Fig. 1). However, this behavior is a consequence of co-
doping the helium droplets with K atoms. When load-
ing the droplets only with Cs atoms at the same pickup
cell temperature, the detected CsN abundance spectrum
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Fig. 3. Evolution of integral signal intensities of selected clus-
ter mass peaks as a function of the degree of doping with potas-
sium atoms. Cesium doping conditions are held constant at an
average of 11 cesium atoms per droplet.
is peaked at Cs2 with roughly equal signal intensities at
the masses of Cs and Cs3.
In order to study this effect a series of measurements at
variable K pickup conditions is depicted in Fig. 3. Shown
are count rates of a representative selection of different
mass peaks as a function of the approximate mean number
of picked up K atoms. These values are computed from the
vapor pressure curve of K using the calibration 10−4mbar
≈̂ 1 atom per droplet. This calibration has been checked by
means of laser-induced fluorescence spectroscopy in earlier
experiments.
The data shown in Fig. 3 indicate the following general
trend. Both pure Cs1 and Cs2 clusters as well as combined
clusters K8Cs1 and K7Cs2 are suppressed in the mass
spectrum upon multiple doping with K atoms. In particu-
lar, abundances of clusters containing two Cs atoms, Cs2
and K7Cs2, fall off more rapidly than the ones contain-
ing only one Cs atom. When adding up all signals from
clusters containing one, respectively two Cs atoms, (not
shown in the graph) the same trend holds. Thus, the rapid
disappearance of mixed clusters of a given size containing
more than one Cs atom is a combined effect of the low
stability of large pure CsN clusters and the reduction of
stability of mixed clusters with an increasing number of
K atoms.
Fig. 2 displays mass spectra of two-component clus-
ters containing Na and Cs atoms. The pure NaN cluster
abundances are dominated by the Na2 dimer mass peak
due to a resonance in the PI cross section of Na2 at the
chosen laser wave length [17]. Mixed clusters composed
of Na and Cs atoms are less abundant than pure NaN
clusters by about one order of magnitude. This is mainly
due to a lower level of doping with Cs atoms compared
to the experiment with mixed clusters made of K and
Cs, discussed above. Thus, combinations involving 2 Cs
atoms, NaN−2Cs2, are only visible at selected cluster sizes
and NaN−3Cs3 is not present in the spectrum. Neverthe-
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less, a faster droping off of the mixed cluster intensities
of NaN−1Cs1 with respect to the pure NaN mass peaks is
again clearly visible, indicating that NaN clusters tend to
be destabilized by the presence of Cs atoms as it is seen
in the spectra of mixed clusters with K atoms.
In addition to the mixed alkali clusters discussed so
far, clusters made up of Rb and either Na or K have been
studied. In comparison with the KN−MCsM cluster spec-
trum, larger quantities of mixed clusters KN−MRbM are
observed. Clusters containing up to M = 5 Rb atoms are
clearly detected. The abundance pattern both of pure an
mixed clusters as a function of total number of atoms,
N , is modulated by the effect of shell closures and odd-
even alternations, as in the K-Cs case. Also, mixed clus-
ter abundances fall off faster as N grows larger compared
to pure KN clusters, indicating the destabilizing effect of
additional heavy alkali atoms. The abundance of mixed
clusters of a fixed size is also reduced the more Rb atoms
are present in the clusters. However, the latter effects
are not as pronounced as in the K-Cs combination. Two-
component clusters containing only one Rb atoms, KN−1Rb1,
appear systematically less abundant than those containing
more Rb atoms. Furthermore, the influence of the order of
doping of first K atoms in a first pickup cell and then Rb
atoms in a second one, and vice versa, was also compared.
However, no significant difference in the cluster abundance
spectra was observed.
The mass spectrum of mixed NaN−MRbM clusters is
similar to the one of KN−MRbM except for the fact that
pure NaN clusters have much lower abundances compared
to pure RbN clusters and even compared to mixed clus-
ters, which is due to the small ionization cross section
of NaN for N > 2. As in the KN−MRbM mass spec-
tra, clusters containing only one Rb atom, NaN−1Rb1,
are systematically less abundant than those containing a
larger number of Rb atoms. This type of mixed clusters
apparently has minimum stability as compared to all other
cluster compositions. Cluster sizes as large as Na2Rb8 are
observed in the mass spectrum.
4 Conclusion
Two-component high-spin alkali clusters composed of light
(Na, K) and heavy (Rb, Cs) atoms can be formed on he-
lium nanodroplets with rather large abundance. The sta-
bility pattern of the mixed clusters with respect to photo
fragmentation follows the one of pure clusters, with the to-
tal number of atoms in the clusters being the determining
parameter. Characteristic features such as electron-shell
closures and odd-even alternations are clearly visible in
the mass spectra. No sudden breakdown of cluster abun-
dance upon addition of one or a specific number of heavy
alkali atoms to the cluster is observed. However, the abun-
dance of mixed clusters of a given size is systematically
lower than the one of the pure lighter alkali clusters NaN
and KN of the same size, roughly following the dropping
abundance distributions of pure heavy alkali clusters RbN
and CsN . Furthermore, for a fixed number of Rb or Cs
atoms attached to NaN of KN clusters, the abundance of
the mixed clusters falls off faster as the number of Na or
K atoms increases than for the pure NaN of KN clusters.
Thus, admixing heavy Rb or Cs atoms to light NaN of KN
clusters tends to destabilize the resulting two-component
clusters.
The fact that the number of heavy alkali constituents
imposes the dominant limitation to the maximum size of
stable two-component clusters rather than the total num-
ber of atoms points at second-order spin-orbit interaction
being the dominant effect that leads to depolarization and
fragmentation. Delocalization of the electron wave func-
tions which would cause spontaneous depolarization as the
high-spin clusters grow larger can therefore be ruled out.
The largest two-component clusters are observed in the
combination of Na and Rb yielding mixed clusters of sizes
up to Na10Rb6 and Na2Rb8. No significant influence of
the doping order on the mass spectra of mixed clusters,
as studied with K-Rb clusters, is observed.
However, the helium droplet source conditions are found
to crucially influence the abundance of pure and mixed
clusters. Larger droplets have higher cooling capacity and
therefore sustain the aggregation of larger spin-polarized
clusters and possibly of metallic clusters as well. Therefore
studying abundance spectra of pure and mixed alkali clus-
ters at variable helium droplet beam conditions may pro-
vide valuable information on the formation and stability
of high-spin clusters. Besides, time-resolved measurements
of the fragmentation process, e.g. using the pump-probe
technique, will add to the understanding of the laser in-
duced dynamics of many-body systems isolated in helium
nanodroplets.
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